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Sulfur dioxide (SO2) and carbon monoxide (CO) are the major detrimental components in the stack gases of
biofuel-burning industries.1 The desulfurization of stack gases remains a great challenge in practical use.2,3 For
instance, in the process of limestone scrubbing,3 gypsum is inevitably generated and has to be disposed of.4 One
of the most promising desulfurization processes is to reduce SO2 directly to elemental sulfur by means of various
reducing agents, such as CO,5–7 H2,
8,9 CH4
10 and carbon.11 Of these CO is the most attractive since CO often co-
exists with SO2 in combustion exhausts. The reduction of SO2 to elemental sulfur by CO can be written as:
 
(1)
where [S] represents the solid sulfur. The efficiency of this reaction depends on the catalyst. Only catalysts with
high activity and high sulfur selectivity could prevent sulfur poisoning.17,18
Nano-size noble metals and their alloys exhibit state-of-art catalytic performance in redox reactions, including
CO oxidation,12–15 and the partial oxidation of hydrocarbons.16 Recently, it has been reported that a gold catalyst
can mediate the reduction of SO2 by CO.
19 As well known, gold is sensitive to deactivation,20,21 while platinum,
as a catalyst, is easily poisoned by sulfur.18,22 Lots of researchers have demonstrated that the Pt/Au alloys and
their bimetallic clusters show superior catalytic properties to the individual components.15,23–27 However, the real
catalytic reaction is a rather complicated process. The understanding of the mechanism of PtAu bimetallic
catalysts is still in its initial stages. Some fundamental issues, such as how structure, composition, and size of the
bimetallic catalysts influence their catalytic activity, remain unclear. In particular, to obtain a “cheaper and
better” PtAu catalyst, it is essential to study the desired structure and composition of the catalysts, and the
interaction of the catalyst with the products, which can provide inspiration for experiments to enhance catalyst
activity.
The binary dimer, PtAu, is ideal for modelling key features of heterogeneous metal catalysts. In the absence of
a support or solvation, gas-phase computational investigations can provide a conceptual framework and an
efficient means by which to obtain direct insight into reaction patterns, the importance of electronic structure,
and the nature of crucial intermediates. In our previous study,26 we have investigated the geometries of various
active catalytic sites for PtAu based catalysts, and their application in the catalytic reduction of SO2 by CO. The
compound PtAu(CO)3 demonstrates excellent catalytic performance: it can not only decrease the activation
barrier, but also protect the catalyst from sulfur poisoning. Still, the detailed mechanism remains unclear.
Considering that the adsorption energy of CO is greater than that of SO2 on precious metal catalysts, a certain
number of CO molecules are pre-adsorbed on to the small metal clusters. The stable complex PtlAum(CO)n (l + m
= 2, n = 1–3) is used as a catalyst for the reduction of SO2 by CO. We go further by introducing the third
reductant CO to react with [S] in eqn (1), and the whole reaction is , where COS is the
gas phase sulfur-containing product, which is easily evaporated. In this paper, we investigate the role that pre-
absorbed CO plays in preventing catalyst poisoning, and explore the catalytic and electronic properties of
different catalysts. Moreover, we use the ligand field stabilization energy to analyze the interactions between the
SO2 and the catalyst. The obtained results, though from the gas phase, may shed light on the design, synthesis,
and more effective use of the bimetallic catalysts.
2 Calculation methods
All calculations are performed based density functional theory (DFT) in the generalized gradient approximation
(GGA) with the revised Perdew, Burke, and Ernzerhof exchange–correlation (RPBE).28 The electronic
eigenfunctions are expanded in terms of localized atomic orbital DND basis set and the real-space cutoff is 4.0
Å. Scalar-relativistic corrections and spin polarization are included. In the self-consistent-field (SCF)
calculation, the optimizations converge at 2.0 × 10−5 Ha, 4.0 × 10−3 Ha Å−1, and 5.0 × 10−3 Å for energy change,
maximum force, and maximum displacement between the optimization cycles, respectively. No symmetry is
imposed. All the features are implemented in the DMol3 code.29
Based on ligand field theory,30 we use the ligand field stabilization energy (LFSE) to analyse the interactions
between the small molecules and the transition metal cluster. LFSE is defined as:
 
(2)
where ρd(ε) is the charge density in the energy level ε for M-5d orbitals. Ed is the average energy of the occupied
M-5d band center (the so-called occupied d-band center), and it is taken by:
 
(3)
where Ef is the Fermi level. εd is the average energy of the overall M-5d (d-band center), and it is given by:
 
(4)
where N is the number of metal atoms, and ε1 satisfies .
The change of LFSE, ΔE, describes the strength of the interaction between catalyst and adsorbed molecule. By
placing the catalyst into the ligand field of the molecule, we define ΔE = LFSE[PtlAum(CO)nSO2] − LFSE
[PtlAum(CO)n] for the compounds PtlAum(CO)n and SO2.
The differential charge density ρΔ(r) = ρA(r) − ρB(r) − ρSO2(r) is investigated, where ρA(r) is the total electron
density of the compound PtlAum(CO)nSO2, and ρB(r) and ρSO2(r) are the electron densities of the catalyst PtlAum
(CO)n and the isolated SO2 molecule, respectively. The differential density is evaluated and plotted for the
specific planes, which highlights those regions near the planes where SO2 induces depletion or accumulation of
the charge density.
3 Results and discussions
3.1 The catalytic properties
We search for the most favorable structures of the three diatomic clusters (Pt2, Au2 and PtAu) with absorbing CO
molecules. The optimized clusters are used as catalysts in the reduction of SO2. By considering various
configurations of the adsorbed positions, we have optimized the stable geometries of catalysts and SO2. Fig. 1
shows the stable structures of PtlAum(CO)nSO2. Fig. 2 depicts the potential energy surface for the reduction of
SO2 by CO over catalytic PtAu(CO)n. The chemical formulae at the bottom refer to the stable intermediates as
shown by the arrows. The geometries of each product during the reaction promoted by PtAu (blue line) and PtAu
(CO)3 (black line) are presented as well.
Fig. 1 The most stable geometries of PtlAum(CO)nSO2.
Colored circles represent different atoms: Pt (purple),
Au (yellow), C (gray), O (red) and S (brown),
respectively.
Fig. 2 The potential energy surface for the reduction of
SO2 by CO promoted by different catalysts PtAu(CO)n,
whose geometries are shown in the upper right corner.
The chemical formulae of the stable intermediates are
shown at the bottom. The character ‘Cat’ denotes the
corresponding catalyst; the energy of the starting point
is shifted to zero.
The spin multiplicities of both Pt2 and Pt2CO are triplets, which result in strong interactions between the
catalysts and the products. The desorption energies of COS (denoted as Edes) from Pt2 and Pt2CO are 1.91 eV
and 2.16 eV, respectively. In both cases, Edes is greater than the corresponding activation energy (denoted as
Emaxa) of 1.55 eV and 1.87 eV. A larger Edes means the catalysts are poisoned by COS (see ref. 26). As the
number of pre-adsorbed CO molecules increases (n > 1), the spin multiplicity of Pt2(CO)n turns into a singlet,
which weakens the interactions between the COS and the catalyst. For instance, in the case of Pt2(CO)3, Edes is
0.43 eV, and Emaxa remains at 1.87 eV, so the catalyst is free of poisoning.
For PtAu(CO)n [see Fig. 2], without CO (blue line) pre-adsorption, the interaction between PtAu and the
sulfur products is so strong that the energy of PtAu is far below the others. The large Edes (2.11 eV), and the
strong bonds between COS and catalyst, mean the product is hard to remove from the PtAu catalyst. As the CO
molecules adsorb on the PtAu, both Edes and E
max
a decline dramatically. In the case of PtAu(CO)3 (black line),
Edes and E
max
a are 0.20 eV and 1.31 eV, respectively. The weak bond between COS and PtAu(CO)3 indicates that
COS can be easily removed from PtAu(CO)3.
Compared to Pt2(CO)n, bimetallic compounds, PtAu(CO)n, exhibit even better catalytic performance. Tests
show that the conclusions remain valid for three-atom bimetallic clusters. We have investigated the catalytic
properties of Pt2Au and PtAu2, with and without the pre-adsorption of CO molecules. The activation energy for
Pt2Au(CO)3 is 1.29 eV, which is slightly lower that the value of 1.31 eV for PtAu(CO)3, indicating that the
activation energy would decrease as the bimetallic cluster increases. Mindful that the catalytic properties may be
affected by a support, we carried out preliminary calculations by supporting the PtAu based catalyst on a
TiO2(001) surface. Compared to the case in the gas phase, the pure Pt–Au catalyst on the support is pulled apart
by the strong SO2 ligand. However with adsorbing CO on to PtAu, the Pt–Au distance does not change much for
the supported PtAu(CO)nSO2, which implies that the catalysts are stabilized by the CO ligand.
3.2 The ligand field stabilization energy
The change in LFSE caused by SO2 (ΔE) is employed to investigate the interactions between sulfur compounds
and catalyst. Fig. 3 shows ΔE of compounds PtAu(CO)n (inverted triangles) and Pt2(CO)n (upright triangles) as a
function of the number of pre-adsorbed CO molecules. ΔE decreases as the number of CO increases, except for
PtAuCO which possesses a low-symmetric structure (see Fig. 1). Combining with Fig. 2, we schematically draw
a horizontal dotted line in Fig. 3. A high value of ΔE lying below that line indicates the catalyst is poisoned. The
poisoning can be avoided if the ΔE of the catalyst is moved above the dotted line. Note that the catalyst, such as
Au2(CO)3 with a very small ΔE (not shown), can not activate the SO2 effectively.
Fig. 3 The change of LFSE caused by SO2 (ΔE) as
function of pre-adsorbed CO molecules. The upright
(inverted) triangles are for Pt2 (PtAu) serial
compounds. The red dashed line serves as a guide to
the eye.
3.3 The electronic properties of the catalysts
The projected density of states (PDOS) of C-2p and M-5d orbitals for the Pt2(CO)n (left panel), and PtAu(CO)n
(right panel) are shown in Fig. 4. With the pre-adsorption of CO, the coupling between C-2p and M-5d (in the
energy range −8.0 to −5.0 eV), results in a broader d band. The bonding state reflects the relatively strong C–M
bond, which contributes not only to the prevention of catalyst poisoning, but also to lowering the activation
barrier of the first oxygen in SO2. The wide d band will shift down. The occupied M-5d band centers are shown
by black arrows in Fig. 4. Obviously, the positions of the M-5d band center for PtAu(CO)n are shifted further
down than those for the corresponding Pt2(CO)n. That is consistent with the improved catalytic properties of
PtAu(CO)n, compared to Pt2(CO)n. For Pt2Au and PtAu2 based catalysts, we find that, similarly, with the pre-
adsorption of CO, the coupling between C-2p and M-5d leads to a broader and down-shifted d band.
Fig. 4 The projected density of states (PDOS) for the
M-5d and C-2p. The degenerate states are plotted once.
The vertical dash–dotted lines correspond to the Fermi
level, and the black arrows point to the occupied M-5d
band center.
Referring to the PDOS of PtAuCO, in Fig. 5, we schematically plot the energy level diagram (from E1 to E7)
of the interaction between PtAu and CO. One of the unoccupied M-6p orbitals interacts with the lone electron
pair (LEP) of CO to form the σ coordination bond (E1); the partial bonding 5d orbitals and the anti-bonding π*
orbital of CO form the back-donation π coordination bond (E2). Among the bonding orbitals (from E1 to E4) of
PtAuCO, E2 plays the central role in the coupling of C-2p and M-5d. The formation of the back-donation π
coordination bond makes the compound more stable. Thus, the interaction between CO and PtAu is a synergic
process; on the one hand, charge transfers from LEP of CO to the lowest unoccupied orbital (σ6p) of the PtAu,
forming the σ coordination bond. On the other hand, the π*5d of PtAu releases (back-donation) charge to the
empty π* orbital of CO, giving the back-donation π coordination bond. The σ–π coordination bonds enhance the
interaction between the metal cluster and CO, and result in a partial charge transfer from the CO to the metal
cluster in the catalyst. The back-donation from the M-5d orbitals should theoretically broaden and down-shift the
M-5d band, which is confirmed by our calculations as shown in Fig. 4.
Fig. 5 The calculated PDOS of PtAuCO and the
schematic molecule orbital energy level diagram of the
interaction between PtAu and CO. LEP represents the
lone electron pair orbital of CO.
Further insight into the electronic structure is obtained from the charge transfer between the catalyst and SO2.
SO2 is a bent molecule of the C2v symmetry point group, and has a Lewis structure consisting of two S–O σ
bonds, which lie in the plane of SO2, and a three-center four-electron π bond, which locates on both sides of the
SO2 plane. As we know, the anti-σ bonds are in the same plane as their σ bonds. The differential charge density
for the specific planes can reflect the change in the S–O anti-σ bonds and π bond after SO2 attaches to the PtAu
(CO)n. In Fig. 6, we show the differential charge density, of PtAu(CO)nSO2 and SO2, for the plane containing
the SO2 (upper panel) and the plane 0.5 Å below (lower panel). For PtAuSO2, the perturbation caused by SO2
adsorption is mostly localized at S, O and the metal cluster [see Fig. 6(a) and (a′)]. The charge transfers from the
metal cluster to the S–O anti-σ bonds (a); meanwhile the metal cluster receives charge back-donated from the
three-center four-electron π bond (a′). The magnitudes of the two transfers are almost equal. From Fig. 6(a)–(d),
we note increasing negative charge density is accumulated around the S atom, while from Fig. 6(a′)–(d′),
decreasing positive charge density is located around the S atom. Therefore, with the increasing number of CO
pre-adsorbed on PtAu, more charge transfers to the anti-σ bonds between S and O in SO2, and less charge is
transferred away from the three-center four-electron π bond. The net effect is that an increasing charge density is
accumulated around the SO2, making S–O bonds easily broken.
Fig. 6 The differential charge density of PtAu(CO)nSO2
and SO2 in the SO2 plane (upper panel), containing two
anti-σ bonds, and 0.5 Å below the plane (lower panel),
containing a π bond.
4 Conclusion
In conclusion, the electronic properties of bimetallic complex catalysts PtlAum(CO)n have been investigated in
the reduction of SO2 through CO based on density-functional theory calculation. We find that the pre-adsorption
of CO molecules helps to transfer charge from the CO to PtlAum, which partly saturates the metal clusters.
Charge transfer between CO and PtlAum results in weakening the interaction between the catalysts and the sulfur
compounds (SO2 and COS), thus preventing poisoning of the catalyst. As SO2 is adsorbed on to the catalyst,
partial charge moves from the catalyst to anti-σ bonds between S and O, leading to weakening of the S–O bonds.
As more CO molecules pre-adsorb on PtlAum, the more charge transfers to SO2, and the bonds between S and O
become weaker. The results explain the excellent catalytic behavior of the bimetallic complex catalysts, and offer
a new way of tuning the catalytic properties of the current catalysts.
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